We calculate the scrambling rate λL and the butterfly velocity vB associated with the growth of quantum chaos for a solvable large-N electron-phonon system. We study a temperature regime in which the electrical resistivity of this system exceeds the Mott-Ioffe-Regel limit and increases linearly with temperature -a sign that there are no long-lived charged quasiparticles -although the phonons remain well-defined quasiparticles. The long-lived phonons determine λL, rendering it parametrically smaller than the theoretical upper-bound λL λmax = 2πT /h. Significantly, the chaos properties seem to be intrinsic -λL and vB are the same for electronic and phononic operators. We consider two models -one in which the phonons are dispersive, and one in which they are dispersionless. In either case, we find that λL is proportional to the inverse phonon lifetime, and vB is proportional to the effective phonon velocity. The thermal and chaos diffusion constants, DE and DL ≡ v 2 B /λL, are always comparable, DE ∼ DL. In the dispersive phonon case, the charge diffusion constant DC satisfies DL DC , while in the dispersionless case DL DC .
Introduction.-The thermalization properties of a closed interacting system have been characterized by the quantities governing many-body quantum chaos -the scrambling rate (or Lyapunov exponent) λ L and the butterfly velocity v B [1] [2] [3] [4] [5] [6] [7] [8] . These are defined by the intermediate-time increase in the expectation value of the squared commutator of two spatially separated local operators A and B
[A(0), B(x, t)][A(0), B(x, t)]
† ∼ e
. (1) The butterfly velocity is the speed at which the effects of a local perturbation propagate, while the Lyapunov exponent λ L is a measure of the rate at which the information of a local perturbation is scrambled into non-local degrees of freedom. It has been shown [9] that in a general quantum system, λ L is bounded by the temperature, T (settingh = k B = 1):
The notion of quantum chaos is especially pertinent to strongly interacting systems. The Lyapunov exponent saturates the bound in systems with a holographic dual [3] and in the Sachdev-Ye-Kitaev model [4, [10] [11] [12] , and it is conjectured that systems without longlived "quasiparticle" excitations generically saturate the bound, i.e. λ L ∼ T [5] . Conversely, Fermi liquids [6, 13] and weakly coupled large-N models [7, 12] display a Lyapunov rate that is parametrically smaller than this bound.
λ L is generally not directly measurable in condensed matter systems. However, it was proposed that either the charge [8, 14] or energy [5] diffusivities, D C and D E respectively, are related to
A well-known class of strongly correlated condensed matter systems are the "bad metals" [15, 16] . These materials, which vary microscopically, are defined by a metallic resistivity which increases linearly with temperature, and reaches values above the Mott-Ioffe-Regel (MIR) limit [17] without saturation. The large value of resistivity in these materials at high temperatures suggests non-quasiparticle transport and rapid momentum degradation, the characteristics of an incoherent metal.
The strongly coupled nature and anomalous transport properties of bad metals naturally raise the question of chaos in these systems. In particular, does the bound on the scrambling rate, Eq. (2), lead to a universal bound on transport in bad metals [18] ? Is a strongly incoherent metal necessarily also strongly chaotic, in the sense that Eq. (2) is saturated? In this paper, we calculate the Lyapunov exponent, butterfly velocity, and thermal diffusion coefficients for a class of solvable large-N , electronphonon systems which display bad metallic behaviornamely, a linear-in-T growth of the electrical resistivity above the MIR limit. We find that the scrambling rate and the butterfly velocity are the same whether one uses electron or phonon operators to define them, suggesting that λ L and v B are intrinsic properties of the system. The results are formulated in Table I . Our main result is that scrambling and energy are both transported mainly by the phonons, in contrast with charge transport. We therefore find that D E is parametrically the same as D L , λ L is far from saturating the bound in Eq. (2) , and D L bears no relation to the charge diffusion constant, D C .
Model.-Our system is composed of N 1 electron bands, which interact with N 2 optical phonon modes, on a d-dimensional lattice. On each site, the phonon displacement couples to the electron density. In this type of large-N expansion, inspired by the work of Fitzpatrick et al. [19] , the large number of phonons strongly renormalize the electrons, as reflected by an O(1) electron self energy. On the other hand, the backaction of the electrons on the phonons and on the electron-phonon vertex is suppressed by a factor of 1/N . /λL for the two large-N electron-phonon models studied -that with dispersive and non-dispersive phonons. Here vB is the "butterfly velocity" and λL is the scrambling rate which in all cases is parametrically smaller than the bound 2πT , ω0 is the average phonon frequency, EF is the electron Fermi energy, and g is the dimensionless electron-phonon coupling. v el and v ph are, respectively, the root mean squared bare electron and phonon velocities (averaged over the Brillouin zone), where v ph = 0 in the dispersionless model. All results assume N large and ω0 T EF gT .
The Hamiltonian is given by
where
Here, c † a (k) is the Fourier transform of c † a (i), which creates an electron of flavor 1 ≤ a ≤ N on site i; the electronic dispersion is ξ k = (k) − µ(T ), with (k) ∈ [−Λ/2, Λ/2] (where Λ is the bandwidth). µ(T ) is the chemical potential and β = 1/T . For simplicity, we take (k) to correspond to a nearest-neighbor hopping on a d−dimensional hypercubic lattice. Furthermore, we will work at half filling, so that µ(T ) = 0 and the Fermi energy, E F = Λ/2. None of the results in the relevant range of T depend qualitatively on these choices. X ab (q) is the Fourier transform of the phonon displacement operator X ab (i) of flavor a, b, and P ab is the conjugate momentum; M is the ionic mass, and α is the electron-phonon coupling strength. The lattice spacing a is set to 1.
We consider two types of models which differ by the q dependence of the phonon frequency ω q ; a dispersionless (Einstein) model and a model with dispersive optical phonons. In all cases, we define the typical phonon frequency to be ω 0 ≡ ω q , and the root-mean-squared phonon velocity as, v ph = |∂ q ω q | 2 where the brackets denote an average over the Brillouin zone. (v ph = 0 in the non-dispersive model.)
We define the dimensionless electron-phonon coupling constant (which we will take to be large)
with ν the density of states at the Fermi energy. As in Ref. [20, 21] , we consider temperatures such that ω 0 T E F gT , -a "high temperature" regime in which electronic quasiparticles are no longer well-defined.
Single particle properties.-Taking the limit N → ∞ allows us to solve the model (24) order by order in 1/N . In the rest of this section, we present results for the dispersionless phonons, while the dispersionful case is considered in the appendix. Just as in [20] , the leading order contributions result in a self-consistent Dyson's equation for the fermion self-energy Σ(ω) (more details appear in the appendix):
The electron self-energy in the high-T regime gT E F is given by
Note that in this regime Σ (0) E F , i.e., there are no well-defined electron-like quasiparticles.
The phonon self energy is subleading in 1/N ; however, it is of crucial importance in calculating the scrambling rate. To leading order in 1/N , it is given by the fermion polarization function:
The phonon lifetime is given by Γ (q, q 0 ) = − Γ R (q, q 0 ), which for small real external frequencies q 0 T results in (see Appendix) [22] Γ (q, q 0 ) = − 1 4πN
As we are concerned with the spatial propagation of scrambling, we also need the velocity of the phonons. Because the bare phonon dispersion vanishes, the effective phonon dispersion originates in the q dependence of the real part of the self-energy, Γ (q, ω) = Γ R (q, ω); for ω = 0, this becomes to lowest order in E F /gT 
is the Fourier transform of (39) in space and its Laplace transform in time. To proceed, we evaluate Eq. (39) on a generalized Keldysh contour (see Ref. [23] , and the Appendix). f (q, ω) obeys the Bethe-Salpeter equation (schematically represented in Fig. 5 )
Here, k is a d + 1-vector (k 0 , k), and
and we define
as the phonon Wightman propagator, and in the same way
The α 4 term in Eq. (12) is naively suppressed by a factor of 1/N relative to the rest. However, when evaluated with the bare phonon propagators, it diverges; one must include the phonon self-energy, which renders this term of the same order as the other diagrams.
Iff has an exponentially growing part,f (0,
, and for this imaginary frequency we may ignore the inhomogeneous term in Eq. (12) . Solving the resulting equation for ω = iλ L results in
The butterfly velocity v B can be extracted by the re-
(more information appears in the appendix). This results in
i.e. the butterfly velocity is equal to the characteristic group velocity of the phonons.
Phonon scrambling rate.-A similar calculation produces the scrambling rate and butterfly velocity for the phonons, obtained from the quantity
It results in the same values for λ L and v B , which suggests that the chaos quantities are intrinsic to the model, independent of which operators are chosen.
Thermal transport-The Matsubara thermal current operator of this system is given by (see appendix for details)
we calculate the thermal conductivity following the Luttinger prescription [24] [25] [26] 
where Π(ω) is the retarded thermal current-thermal current correlation function. To leading order in 1/N and
In both cases, the heat capacity is dominated by the phonons, c = N 2 k B (where we have inserted k B for clarity). Using the Einstein relation κ = cD E , we arrive at the thermal diffusion coefficients.
Charge transport.-The conductivity of this model has been analyzed in Refs. [20, 21] . In the high temperature regime gT E F , the resistivity is given by
which parametrically exceeds the Mott-Ioffe-Regel limit [17] , which is N ρ MIR = O(1) in our units [27] . It should be emphasized that there momentum is not even nearly conserved in our model; in the regime T ω 0 , phonons throughout the Brillouin zone are excited, so that umklapp scattering is just as efficient as normal scattering. In addition, we show in the appendix that phonon drag contributions are suppressed in this model, leading to a large resistivity.
Discussion.-We calculate the scrambling rate λ L and butterfly velocity v B for both the electrons and the phonons in this system. We find that they are the same for the two operators -which suggests that λ L and v B are intrinsic properties, independent of the specific operators used in Eq. (1). Intuitively, since the electrons and phonons are coupled, it is expected that scrambling (i.e., the spread of operators over the system) of one would lead to scrambling of the other; therefore, we expect that there cannot be two independent scrambling rates. This is consistent with the finding of Ref. [7] that the scrambling rate in an O(N ) field theory is the same of the primary field and for a composite operator.
Our system is composed of strongly renormalized electrons coupled to weakly interacting phonons. The phonon excitations are well defined quasiparticles -in the sense that lifetime τ = N T /ω 2 0 is parametrically longer than the inverse energy, 1/ω 0 . This explains why the bottleneck for scrambling in this system is the loss of phonon phase coherence, and thus the scrambling rate is determined by the phonon scattering rate. This is also consistent with the fact that in the limit ω 0 → 0, where the phonons act essentially as (annealed) disorder, the scrambling rate must vanish [28, 29] . Similarly, we find that the butterfly velocity is proportional to the effective phonon velocity, and is unrelated to the electronic velocity.
The scrambling rate we find is far from the bound, λ L λ max , due to the existence of phononic quasiparticles. Nevertheless, charge transport in the system does not reflect this fact -the resistivity of this model is larger than the Ioffe-Regel limit, due to the strong scattering of the electrons. This supports the notion that in general,
is consistent with the fact that in our model both the thermal transport and the propagation of chaos are dominated by phonons.
These results raise the question of the general relation between energy diffusion and scrambling. Clearly, the energy diffusivity can be much larger than D L ; this is the case, for instance, in a relativistic field theory where momentum is conserved [7] . It is therefore plausible to propose that
This relation does not hold universally; a onedimensional counter example has been presented in Ref. [31] . The extent to which Eq. (23) The system we consider is composed of N 1 identical electron flavors interacting with N 2 optical, phonon modes, in d spatial dimensions. In this type of large-N expansion, inspired by the work of Fitzpatrick et al. [19] , the phonon modes act as a momentum and energy bath for the electrons, while each phonon mode is only weakly affected by the electrons.
The Hamiltonian of the system is given by
The electronic Hamiltonian is given in terms of operators c † a (k) which create an electron of flavor a and energy ξ k . For simplicity, we consider an particle-hole symmetric spectrum and work at an electronic density of n = 0.5 per flavor, which allows us to set the chemical potential µ(T ) to 0 at all temperatures.
X ab is a symmetric matrix of phonon displacement operators, and P ab the corresponding momenta. We consider an optical spectrum ω q = ω 0 + ω 1 (q). To simplify the calculations, we assume that ω 0 |ω 1 (q)|; thus the only effect of ω 1 (q) is the introduction of a finite bare phonon velocity
where the brackets denote an average over the first Brillouin zone (BZ). We consider cases in which v ph is either zero or non-zero, as explained below. For concreteness, we will use
when it is needed in the calculation. We define the dimensionless coupling constant
with ν the T = 0 electronic density of states at the Fermi energy. The coupling between each flavor of phonon to the electrons is suppressed by 1/ √ N ; the relatively small number of electrons relative to the phonons thus implies that the phonons are weakly affected by the interactions, resulting in self-energy corrections that appear only at subleading orders in 1/N . The electrons, on the other hand, are strongly affected by the N 2 phonos, and their self energy can become larger than the Fermi energy, E F . This is a consequence of our particular large-N limit.
We consider temperatures such that
with W the bandwidth. We focus on the high temperature regime gT W , in which the electronic lifetime is shorter than W −1 .
B. Self energies
Electron self energy
Just as in [19] , the full set of rainbow diagrams, depicted in Figure 2 , contributes to the electron self-energy to lowest order in 1/N . This results in a self-consistent Dyson's equation for the fermion self-energy: where k 0 denotes the frequency. Here, for simplicity, we consider a model with a momentum independent electronphonon coupling; as a result, the electron self-energy at high temperatures is nearly momentum independent, as we will show. We do not expect this assumption to qualitatively change the final results for the scrambling rate and the thermal conductivity; as shown previously, the charge transport at high temperatures is sensitive to the nature of the electron-phonon coupling [21] . At high temperatures gT W , we neglect the electronic dispersion relative to the self-energy term, and the resulting equation is
In the dispersive case, we neglect ω 1 (q) relative to ω 0 , and therefore get, for both dispersive and non-dispersive phonons
which may be solved to give
results that are correct up to order (W/gT ) 2 , due to the particle-hole symmetric spectrum. Here, G R (k, k 0 ) is the retarded Green's function at momentum k and frequency k 0 . The scattering rate on the Fermi energy, Σ (0), is much larger than the bandwidth, and the electronic quasiparticles are not well defined.
It must be emphasized that, since T ω 0 , the phonons are highly excited over the entire Brillouin zone. Therefore, the contributions of regular and umklapp scattering processes to the electronic self-energy are of the same order of magnitude. Hence, momentum is not even approximately conserved in our system.
Phonon self energy
The phonon self energy is subleading in 1/N ; however, it is of crucial importance in calculating the scrambling rate and the thermal conductivity. To leading order in 1/N , the diagram which contributes to the self energy is shown schematically in Fig. 3 , and is given by Analytically continuing to real time, we get
where G R,A are retarded and advanced Green's functions, respectively, and
is the electron spectral function.
The phonon lifetime is given by Π (q, q 0 ) = − Π R (q, q 0 ), which for small external frequencies q 0 T gives
As we are concerned with the spatial propagation of chaos, we will also need the velocity of the phonons. For a finite bare dispersion ω 1 (q), the leading order contribution is simply the bare velocity v ph . In the case of a vanishing bare velocity, v ph = 0, the leading order velocity originates in the q dependence of the real part of the self-energy, Π (q, q 0 ) = Π R (q, q 0 ); for q 0 = 0, this becomes to lowest order in W/gT
We thus define a renormalized phonon velocityṽ ph (applicable when v ph = 0):
where v k = ∂ k ξ k is the electronic velocity.
II. ELECTRONIC SCRAMBLING RATE A. Definition
The scrambling rate is defined as the exponetial rate of growth of the expression Following Refs. [11, 23] , we regularize this expression by splitting the thermal density matrix ρ = e −βH /Z (where Z = Tr[e −βH ]), and placing √ ρ between the two commutators in Eq. (38). For electrons, we use an anti-commutator rather than a commutator [5] . We thus define the function
where T C orders the operators along the contour C which is shown in Fig. II 
The form of the contour C leads to several qualitatively different contributions:
1.t 1 andt 2 are both on the same real time fold: this leads to a self-energy correction to the propagators, which are taken into account by using the self-energies calculated in the previous section.
2.t 1 andt 2 are both imaginary times: this leads to corrections to the thermal state, which is also taken into account by considering the fully dressed propagators. Contractions between the external operators c a (x, t), c b (0) and vertex operators at imaginary times vanish due to the summation over η, η . 
and must be taken into account. 
4.t 1 is real andt

B. Bethe-Salpeter equation for f (ω)
We obtain f (ω) by summing an infinite series of diagrams. The summation is equivalent to solving a self-consistent Bethe-Salpeter equation for the two-particle correlator. To leading order in 1/N , the Bethe-Salpeter equation, which is schematically shown in Fig. 5 , is given by
Here,
An explicit calculation shows that (see, e.g., Ref. [5] )
with A, B the electron and phonon spectral functions, respectively. Naively, the α 4 in Eq. (42) appears to be sub-leading in powers of 1/N . However, as we shall show below, it is actually of the same order as the α 2 term, and must be kept. This is because this term diverges unless the self-energy of the phonons, which is of order 1/N , is used.
If f (t) has an exponentially growing part,
We look for divergences in f (k, k 0 , ω = iλ L ) and for this imaginary frequency we may ignore the inhomogenous term in Eq. (42) to get
At long times, f (t) is expected to saturate. This effect is captured by higher order terms in 1/N [23] .
C. Solution of the Bethe-Salpeter equation
In the high temperature regime, the Green's functions are given by the results of section I B. The term
Since the phonon propagators are unrenormalized (even at high temperature) to leading order in 1/N , they are strongly peaked on shell. The term
, that appears in Eq. (43) above, will therefore be replaced by:
In the last line, we kept only terms that diverge at ω = 0 in the limit 1/N → 0. Note that, by Eq. The Bethe-Salpeter equation is therefore (assuming that ω is much smaller than the electronic energy scale gT /ν)
using the relation g = α 2 ν/K, and setting the argument of both the electron spectral functions to zero (as T gT /ν), this becomes
where in the last line we have neglected ω 0 relative to the electronic energy scales, and we define
We make the ansatz f (k 0 , ω) =f (ω)/ cosh(k 0 /2T ) and perform the integral over k 0 to get
which is solved by
We therefore conclude that the electronic scrambling rate is
D. Butterfly velocity and diffusion constant
The out-of-time-ordered correlation function, evaluated at two distinct, spatially separated points, allows us to quantify the rate of propagation of scrambling in both space and time. More specifically, we define the function
which is expected to obey
We study its Fourier transform, f (q, t) = d d xe −iqx f (x, t), which has two limiting behaviors:
1. If the ballistic term is absent, v = 0, we get
so that the velocity scale for chaos propagation, which is the butterfly velocity, is given byṽ = √ D L λ L , and D L represents the leading correction to the Lyapunov exponent at small q:
2. If the diffusive term is absent, we get
and in this limit the butterfly velocity is given by v, which characterizes the dependence of the prefactor of the exponent in f (q, t) on q, rather than the q dependence of the scrambling rate.
We therefore define the butterfly velocity as by v B = max (v,ṽ), where v 2 is the coefficient of the q 2 term in the prefactor of the exponent in f (q, t) andṽ is the coefficient of the q 2 term in λ L (q). More precisely,
The q-dependent Bethe-Salpeter equation for the Fourier transform f (q, ω) is given by
Here
This Bethe-Salpeter equation can be schematically written in a matrix form
understood as an equation for the vector f (k, q, ω) (indexed by k), with an inhomogenous term f 0 (k, q, ω). M is an operator that can be read off from Eq. (62). Finding the Lyapunov exponent corresponds to finding the ω for which M has an eigenvalue λ = 1, and for frequencies for which 1 − M(k, q, ω) has an inverse, f (k, q, ω) is given by
Therefore, the q-dependence of λ L originates in the q-dependence of M, while the q-dependence of the amplitude of f (k, q, ω) has contributions from the q-dependence of both M and f 0 .
Any q-dependence originates from the electron or phonon propagator pairs, which we expand for small q to give (for small k 0 )
(the terms linear in v k , ∂ k Π (k) will vanish under integration.)
The dominant contribution to the q dependence of the integral operator M(k, k , q, ω) comes from the
We roughly estimate the magnitude of the leading q dependence of M as
The q-dependence of the inhomogeneous term, 
Therefore, using Eqs. (67) and (61), we conclude that We now calculate the scrambling rate and corresponding butterfly velocity of defined in terms of the phonon coordinates. The calculation follows similar lines to that of the electronic scrambling rate.
We define the function
and its Laplace transform h(ω).
B. Bethe-Salpeter equation
The Bethe-Salpeter equation for h(ω), represented schematically in Fig. 6 , is
As before, to find the scrambling rate, we ignore the homogenous term. This gives the equation
As was discussed around Eq. (49) above, the phonon propagators are strongly peaked, and we replace them with δ-functions and residues:
At high temperatures, we set ω 0 = 0 in all electronic quantities, and get
We make the ansatz h(k, k 0 , ω) =h(ω)2πδ(k 0 ) and get
Inserting in this expression the high-T form of the electron propagators, we get (all the electron propagators have = 0 for their argument, as
, which up to a factor of two gives the same scrambling rate as the electrons.
In the same way, the butterfly velocity may be calculated, and it results in the same velocity as for the electrons, up to a numerical prefactor.
IV. THERMAL CONDUCTIVITY A. Dispersive phonons
In the case of dispersive phonons, the thermal conductivity is dominated by the contribution of the N 2 long lived phonons. These phonons are well defined quasiparticles, and therefore the thermal conductivity may be calculated using the semiclassical result:
The contribution of the electrons and the interaction terms are calculated in the next section, and are shown to be subleading in 1/N .
B. Dispersionless phonons
Thermal current operator
In this case, we use the Kubo formula to calculate the thermal conductivity, which requires the definition of the thermal current operator. For simplicity, we will calculate the thermal conductivity in a one-dimensional version of the system; the extension to higher dimensions is straightforward. The Hamiltonian is given by
The time derivative of the single-site energy density is given by
where the rest of the terms vanish because of the locality of H , and similarly for the phonon and interaction terms. The first term on the right hand side results in the usual electronic thermal current, which is
The other two terms of Eq.(82) result in the following contribution, which we term the phonon assisted (pa) contribution:
where l i is the position of site i.
Therefore, we get two contributions to the thermal current:
which can be shown to be equal to
The diagram which contributes to the thermal conductivity at leading order in 1/N and in ω1/ω0. Black arrows are fully dressed fermionic propagators, dashed lines are phonon propagators, and the squiggly line represent JE, which comes with a time derivative.
Kubo formula
We calculate the thermal conductivity using the Luttinger prescription [24] [25] [26] , which states that
where Π J Q J Q (ω) is the retarded thermal-current thermal-current correlation function.
3. Naive leading order in 1/N Expanding in powers of 1/N , there is a single diagram which contributes to lowest order in 1/N ; it is shown in Fig. 7 . Vertex corrections appear only in subleading orders in ω 1 /ω 0 ; they all vanish if the phonon propagator is momentum independent.
Diagram A is given by (using the Matsubara electron Green's function, G k (iν n ), and exchanging the time derivative to an additional factor of ν n )
Performing the Matsubara summation and analytically continuing iω n → ω + iδ, we get
We therefore get
Since T E F , we use the Sommerfeld expansion to get 
Phonon drag
Momentum is not even approximately conserved in our model, as umklapp scattering by a phonon into the second Brillioun zone is just as probable as a normal scattering process. Therefore, we need not worry about a sharp Drude peak due to an approximate sound mode in the system [34] . However, the occupation numbers of the N 2 phonons are an approximately conserved quantity, as their lifetime is finite only due to 1/N effects (see Eq. (35)) . Therefore, their effect on the thermal conductivity must be carefully studied; this is known as phonon drag [35] .
The diagrams which represent phonon drag in thermal transport are those that may be separated into two parts by severing two phonon propagators. The leading order diagram is given in Fig. 8 . These diagrams are naively suppressed by 1/N ; however, as was shown before, the phonon propagator pair D R ( )D A ( + ω) ≈ δ( ± ω 0 )/[ω + iΓ] gives a contribution which is O(N ) in the d.c. limit, ω → 0.
We calculate the contribution of this diagram following [36] . It is given by
The function
has a branch cut when [z] = 0, −ω n and [z] = 0; therefore, the Matsubara summation over Ω n in Eq. (93) results in (after analytical continutation iω n → ω + iδ)
and therefore where we have used
(M ω 0 /α 2 )Γ q (ω 0 − iδ, ω 0 + iδ) is given by (see [36] for details):
in the last two lines, we change q → −q, which results in an additional minus signs, as the two integrals are odd in q: 
where Λ q (ω 0 − iδ, ω 0 + iδ)
The fact that the electron Green's function is momentum independent to leading order in E F /gT renders the phonon drag contribution
and we neglect it. Hence, we get that σ ≈ σ A . Comparing Eqs. (105,101) we see that in the high temperature regime of our model, the Wiedemann-Franz law
is strongly violated.
